Quantitative data is presented that shows significant changes in cellular metabolism in a head and neck cancer cell line 30 min after irradiation. A head and neck cancer cell line (UM-SCC-22B) and a comparable normal cell line, normal oral keratinocyte (NOK) were each separately exposed to 10 Gy and treated with a control drug for disrupting metabolism (potassium cyanide; KCN). The metabolic changes were measured live by fluorescence lifetime imaging of the intrinsically fluorescent intermediate metabolite nicotinamide adenosine dinucleotide (NADH) fluorescence; this method is sensitive to the ratio of bound to free NADH. The results indicated a prompt shift in metabolic signature in the cancer cell line, but not in the normal cell line. Control KCN treatment demonstrated expected metabolic fluxes due to mitochondrial disruption. The detected radiation shift in the cancer cells was blunted in the presence of both a radical scavenger and a HIF-1a inhibitor. The HIF-1a abundance as detected by immunohistochemical staining also increased substantially for these cancer cells, but not for the normal cells. This type of live-cell metabolic monitoring could be helpful for future real-time studies and in designing adaptive radiotherapy approaches.
INTRODUCTION
Typical clinical radiotherapy regimens consist of daily scheduled ''fractions,'' which are delivered over minutes to tens of minutes (1) . Tissue oxygenation is a proven key modulator in the effectiveness of radiation therapy (2) , and several studies have shown that radiation itself impacts oxygen consumption (3) (4) (5) . Continued improvements in radiation therapy are important for the large number of cancer patients receiving radiation either as their primary treatment or concomitant with other treatment modalities. Since metabolism and oxygen are intrinsically linked (6, 7) , prompt changes in metabolism could cause changes in the tumor microenvironment, such as the availability of oxygen.
Under aerobic conditions, cells usually produce energy via oxidative phosphorylation, since it is considerably more efficient [36 adenosine triphosphate (ATP) per glucose molecule] than glycolytic pathways (2 ATP per glucose molecule); however, many types of cancers utilize glycolysis as their primary source of energy production, even under aerobic conditions. This unique metabolic behavior of tumor cells is known as the ''Warburg effect'' (8) (9) (10) (11) . In addition to previously reported metabolic states such as the Warburg effect, it is thought that cancer cells may respond differently metabolically to microenvironmental perturbations (12) (13) (14) . We hypothesized that, after exposure to radiation, detectable and quantifiable changes in metabolism might occur, very quickly, from the physical effects of the radiation itself. This hypothesis is based on the observation that in vivo, the oxygen level quickly changes after exposure to large doses of radiation, well ahead of any cell death (4) .
Nicotinamide adenosine dinucleotide (NADH) is an intrinsically fluorescent intermediate metabolite that has been utilized in a number of studies (15) (16) (17) (18) (19) (20) (21) (22) . Its fluorescent lifetime (the measured amount of time in the excited state) depends greatly on its chemical state (23, 24) . When NADH is bound to a protein complex, its fluorescence lifetime is considerably longer (;2.5 ns) relative to its fluorescence lifetime in the free state (;400 ps) (23, 25) . Therefore, bound NADH utilized in the mitochondrial electron transport chain (ETC) exhibits a considerably longer mean fluorescent lifetime, whereas free NADH in the cytosol exhibits a comparatively shorter fluorescent lifetime (21, 26, 27) .
This intrinsic fluorescent lifetime contrast for NADH was used here to monitor cellular metabolism, since it allows label-free quantitative assessment of key metabolic changes such as glycolysis (28) . Not surprisingly, the ability of time-correlated fluorescence lifetime imaging microscopy (FLIM) (23, 25) to monitor lifetime with a spatial context has been used in a multitude of applications (29) (30) (31) , including therapeutic research such as characterization of metabolic changes in various breast cancer lines in response to chemotherapeutic drugs (32) . FLIM has also been applied in assessing precancerous legions in the head and neck region as well as in the breast (26, 33) . A major reason for the growth in FLIM-based metabolic studies has been its unique ability to noninvasively monitor cellular metabolism with high resolution, its ability to quantitatively discriminate between bound and free NADH forms without being influenced by intensity levels and to detect without the mitigating effects of fluorescence variations as seen in traditional fluorescencebased assays (34) .
Because a large portion of cancer patients receive radiation therapy as part of their therapeutic regimen, it is important to continue to investigate the biological mechanisms that determine its efficacy. In this study, we demonstrate detectable metabolic fluxes resulting after irradiation of live cells as measured by FLIM. We further assessed the interplay of these metabolic fluxes with changes in oxygen consumption and HIF-1a signaling.
METHODS AND MATERIALS

Cell Culture
Two human head and neck cell lines: UM-SCC-22B cancer cells and normal oral keratinocytes (NOK) were used in this study to compare a cancerous and a noncancerous cell line from human head and neck cancers. UM-SCC-22B cells (35) were obtained from Professor Tom Carey, University of Michigan and cultured in Dulbecco's modified Eagle medium (DMEM) with 4.5 g/dl glucose, 10% fetal bovine serum (FBS), 1% hydrocortisone, penicillin (100 units/ml) and streptomycin (100 mg/ml) (35) . NOK cells were a kind gift of Dr. Karl Munger, Tufts University, and cultured in keratinocyte serum-free media supplemented with both EGF and bovine pituitary extract. Cells were maintained as monolayer cultures at 378C in a humidified atmosphere of 5% CO 2 .
Irradiation and Treatment with KCN, GSH and Chrysin
Cells were irradiated (10 Gy) with a 320 kVp small animal and cell culture irradiator X-RAD 320 (Precision X-ray Inc., North Branford, CT) with a metal ceramic anode and filtration of 1.5 mm Al þ 0.25 mm Cu þ 0.75 mm Sn. Cells were plated to approximately 50% confluence in 60 mm glass bottom dishes with 35 mm cover slip wells [cat. no. D60-30-1 5-N; Cellvis (In Vitro Scientific), Mountain View, CA] in 4 ml of cell media. For controls of both the imaging and cell culture conditions and to show the FLIM method was sensitive to metabolic flux, 10 mM potassium cyanide (KCN) was administered to untreated cells during imaging to produce a positive control effect (mitochondrial inhibition), and the negative control cells were simply imaged without any treatment (radiation or drug). A small subset of UM-SCC-22B cells were also irradiated in the presence of 10 mM glutathione for free radical scavenging. Similarly, a separate group of NOK and UM-SCC-22B cells were treated with 50 lM HIF-1a inhibitor chrysin (Santa Cruz Biotechnologyt Inc., Dallas, TX) before irradiation.
Multiphoton Fluorescence Lifetime Imaging
Time-correlated fluorescence lifetime imaging was performed using a custom multiphoton laser-scanning microscope with SPC-830 Becker & Hickl FLIM hardware (Berlin, Germany) (22, 36) 
The terms in this model are defined as follows: I(t) is the signal intensity as it decays with time, s 1 is the fluorescence lifetime for free NADH and s 2 is the fluorescence lifetime of protein-bound NADH. The a 1 , a 2 terms fit the intensity of each compartment (free and bound NADH) and can be used to create the mean lifetime for the image s m through the relationship s m ¼ a 1 s 1 þ a 2 s 2 . Shorter lifetimes correspond to a higher concentration of free NADH and therefore are associated with glycolysis. Conversely, longer lifetimes correspond to a higher concentration of protein-bound NADH and therefore are associated with more oxidative phosphorylation. In essence, the s m parameter is simply the weighted average of fluorescent lifetime of both the short and long components.
Seahorse XF Analyzer
Metabolism was also monitored using the Seahorse XF e 96 Analyzer (Seahorse Bioscience, North Billerica, MA) to measure oxygen consumption rate (OCR) for assessment of respiratory activity in cells. Cells were plated on two separate 96-well plates (8 rows, 12 columns): one nonirradiated and one 10 Gy irradiated. On each plate, six columns were plated with NOK cells and the other six were plated with UM-SCC-22B cells. Each cell group had three control columns and three columns where the Mito stress test kit was administered. For the Mito stress test kits each cell group had 24 replicates, whereas the controls had 22 replicates. This difference is due to the fact that each corner well was left blank to give baseline oxygen consumption measurements. The Mito stress test kit consists of a series of three injections into the wells of oligomycin, FCCP and rotenone/antimycin. Basal respiration was measured before injections under each treatment condition to assess normal oxygen consumption under each condition. Error bars shown in Fig. 3 are the standard deviations of the measurements at each respective time point. More information on the function of each injection can be found in the XF cell Mito stress test kit user guide. Relative well-towell cell counts were measured using crystal violet staining followed by resolubilizing with acetic acid according to the protocol set forth by Kueng et al. (37) .
Immunohistochemical Staining
To measure HIF-1a expression, cells were plated in two separate 8-well chamber slides, a negative control slide and a 10 Gy irradiated slide. Thirty minutes after irradiation, the slides were washed three times with cold PBS and subsequently fixed in a 10 min cold acetone bath. Cells were then stained with rabbit anti-HIF-1a (cat. no. ab2185; Abcam, Cambridge, UK), dilution 1:500 and Cy3 conjugated goat anti-rabbit IgG (HþL; cat. no. 111-167-003 Jackson ImmunoResearch Laboratories Inc., West Grove, PA) 1:400 was the secondary antibody (red). Hoechst 33342 (3.75 mg/ml; Sigma-Aldricht, St. Louis, MO) dilution 1:3,000 was used for nuclear staining (blue). Images were quantified using the image-procesing program FIJI (ImageJ) (38) to integrate HIF-1a intensity normalized to the number of nuclei in each field of view. The color channels in RGB images were split to allow for the application of intensity thresholds, and an intensity threshold also removed artifacts from the images. In all images, there were no counts observed in the green channel. Objects on the edges of images were excluded from quantification, and only objects 25 pixels in size or larger were considered to eliminate extracellular speckle.
Clonogenic Cell Survival Assay
Clonogenic cell survival assay was performed as previously described (39) after irradiation using a 137 Cs irradiator (JL Shepherd, San Fernando, CA) at a dose rate of approximately 400 cGy/min. Briefly, cells were plated at low density, irradiated and after 10-15 days colonies containing more than 50 cells were counted and the surviving fraction calculated. Resulting data points were fit to a linearquadratic model. Each point represents the mean surviving fraction calculated from 6 replicates for each condition. Error bars represent the standard deviation (Fig. 6) . 
Statistical Analysis
Changes in s m from fluorescence lifetime imaging were assessed for statistical significance using an unpaired, two-sample t test in MATLABt software (The Mathworkst Inc., Natick, MA). Differences in HIF-1a expression among irradiated and nonirradiated cells were normalized to cell count in each field of view and were assessed for significance using an unpaired two-sample two-tailed t test (MATLAB). For assessment of clonogenic survival after irradiation, the curves were compared using the extra sum-of-squares F test in GraphPad Prism v. 6.0f (La Jolla, CA).
RESULTS
To characterize and demonstrate the metabolic effects of radiation on these representative cancerous and noncancerous cells we divided the two cell lines, the highly proliferative stable UM-SCC-22B and highly stable NOK, into three experimental groups: 1. untreated cells; 2. control cells treated with the mitochondrial inhibitor potassium cyanide (KCN); and 3. irradiatied cells. All cells were imaged using FLIM acquisition integrated over 120 s of imaging time. We used mean fluorescence lifetime (s m ) as an indicator of metabolic shifts both before and after treatments and also assessed metabolism by measuring oxygen consumption rates utilizing the Seahorse assay. We also examined HIF-1a expression dynamics in response to radiation.
As expected, s m values dropped significantly in cells subjected to known mitochondrial inhibitors (P , 0.001). Figure 1 shows three sample images of UM-SCC-22B cells that were untreated (left panel), KCN treated (center panel) and irradiated (right panel). When averaged over 35 different fields of view, UM-SCC-22B cells had their s m drop from 711.50 6 52.65 ps (n ¼ 45 for control group) to 638.08 6 15.22 ps (n ¼ 40, P , 0.001) when treated with the control drug KCN. This drop occurs because cyanide inhibits mitochondrial complex IV, and this inhibition results in a significant metabolic shift. When NOK cells were subjected to the same treatment with KCN, they showed a similar drop in s m from 789.57 6 40.66 ps (n ¼ 45 for control group) to 638.96 6 31.92 ps (n ¼ 40, P , 0.001).
We then measured the metabolic shift due to a large dose (compared to standard clinical fraction dose) of radiation (10 Gy). The UM-SCC-22B cells responded to radiation with a drop in s m from 711.50 6 52.65 ps to 617.76 6 13.68 ps similar to the mitochondrial inhibition therapy (see Table 1 and Fig. 2) . Conversely, the s m in 10 Gy irradiated NOK cells changed from 789.57 6 40.66 ps to 823.02 6
FIG. 4.
A mosaic of slides, stained for HIF-1a (red) and nuclei (blue) in vitro, of NOK and UM-SCC-22B, both treated with 10 Gy doses and untreated. These images do not represent the same field of view. A minimum size threshold for objects of interest removed the speckle from image quantification.
38.26 ps (n ¼ 40, P , 0.001). The noncancerous NOK cells exhibited a very small but statistically significant change in metabolic signature as measured by FLIM resultant after irradiation, whereas the cancerous UM-SCC-22B cells showed a much larger and directionally opposite change in metabolic signature.
We also measured the OCR of both irradiated and untreated cells, using the Seahorse XF e 96 analyzer (see Fig.  3 for data). The OCR dropped for both cell lines as expected after irradiation (3) . From the OCRs, it is clear that the UM-SCC-22B cells are much more energetic than the comparatively less proliferative NOK cells. Furthermore, the resulting changes in oxygen consumption after irradiation in UM-SCC-22B are much more dramatic. The first three points in the OCR curves are the measurements of basal respiration. Approximately 35 min after irradiation, mitochondrial complex V inhibitor oligomycin is added to halt oxygen consumption due to respiration. The rise in OCR at approximately 55 min is due to the administration of FCCP, which permeabilizes the mitochondrial membranes to stimulate maximal respiration. Finally, at approximately 80 min, rotenone (mitochondrial complex I inhibitor) is administered to shut down all mitochondrial activity. This gives a measurement of oxygen consumption due to nonmitochondrial respiration.
It is particularly interesting that the OCR curves for UM-SCC-22B when treated with oligomycin alone (ATP synthase inhibitor), oxygen consumption dropped 573 pmol/min from 949 pmol/min to 376 pmol/min (above 225 pmol/min of nonmitochondrial respiration). When irradiated, oxygen consumption dropped 294 pmol/min from 502 pmol/min to 208 pmol/min (above 112 pmol/min of nonmitochondrial respiration). For unirradiated NOK, the drop in oxygen consumption was 145 pmol/min from 368 pmol/min to 223 pmol/min. After irradiation the drop was 154 pmol/min from 273 pmol/min to 119 pmol/min. This suggests that, for the cancer cells, there is a larger decrease in ATP production from respiration resulting after irradiation compared to the untreated cells.
Exposure to ionizing radiation induces biological effects by the formation of reactive oxygen species (ROS) and free radicals through the radiolysis of water molecules within the cells. These radicals and ROS are responsible for singleand double-strand breaks that damage DNA. Since previously reported studies (40, 41) have shown that free radicals stabilize HIF-1a, and that HIF-1 plays a key role in regulating metabolism, we measured the expression of HIF1a in both NOK and UM-SCC-22B cells using immunohistochemical staining for HIF-1a antibody stain. Moreover, we observed metabolic signatures in response to radiation by FLIM of both cell lines when treated with radical scavenger glutathione (GSH) and HIF-1a inhibitor chrysin.
For the immunohistochemical staining, HIF-1a fluorescence are indicated with red staining and the nuclei are indicated with blue staining in the images. From the sample images below, after irradiation, it appears that HIF-1a expression increases in the UM-SCC-22B cells; however, no such increase is apparent in the NOK cells. It should be noted that the images shown in Fig. 4 account for considerably less than 0.1% of the total area analyzed.
The raw values for image quantification are given in Supplementary Table S1 . After averaging over four fields of view for each case, (NOK: untreated and 10 Gy dose; UM-SCC-22B: untreated and 10 Gy dose) the difference in HIF1a expression after irradiation was found to be statistically significant between the cell lines (P , 0.05). NOK cells showed a decrease in HIF-1a expression by approximately 40% after irradiation; conversely UM-SCC-22B cells showed an increase in HIF-1a expression per nucleus by 200% (see Supplementary Table S1 ). It was important to normalize raw HIF-1a pixel counts to the number of nuclei present in the field of view to account for variations in cell count in each field of view. For irradiated UM-SCC-22B malignant cells, metabolic signatures with decreased s m corresponded to an increase in HIF-1a expression, but in the NOK cells, a comparatively slight decrease in HIF-1a corresponded to little change in metabolic signature.
In the parallel FLIM study shown in Fig. 5 , NOK cells treated with GSH alone had an observed s m of 830.64 6 23.13 ps, and NOK cells treated with GSH and 10 Gy dose had an observed s m of 821.67 6 37.26 ps. This represents no statistically significant change (n ¼ 30, P . 0.05). When treated with chrysin alone, NOK cells had an observed s m of 722.38 6 21.77 ps, and after irradiation s m was observed to be 746.15 6 30.42 ps (see Fig. 5A ). The UM-SCC-22B cells treated with GSH alone had a s m of 754.73 6 28.63 ps; after irradiation, s m was observed to be 753.43 6 23.66 ps. When treated with chrysin alone, UM-SCC-22B cells had an observed s m of 732.24 6 48.97 ps; after irradiation, s m was observed to be 719.64 6 45.45 ps. It should be noted that for each UM-SCC-22B cell paired treatment group (drug alone vs. drug with radiation), the observed variations were not found to be statistically significant (n ¼ 30, P . 0.05). However, the slight increase in s m for NOK after irradiation was preserved in the case of control chrysin compared to chrysin with concomitant irradiation (n ¼ 30, P , 0.001). Table 2 gives a concise summary of all these values.
Clonogenic cell survival was also evaluated for irradiated NOK and UM-SCC-22B cells to quantify radiosensitivity. These survival curves are shown in Fig. 6 . The UM-SCC-22B cells are relatively radioresistant (approximately two decades of survival percentage) at high dose levels compared to NOK cells (P , 0.0001).
DISCUSSION AND CONCLUSION
The current study demonstrates that the NOK and UM-SCC-22B cell lines each exhibit distinct and prompt responses to radiation treatment. The UM-SCC-22B cells showed a large change in metabolic signature, whereas the NOK cells showed little metabolic response as measured by FLIM, each within 30 min of treatment. The UM-SCC-22B cellular response was considerably muted when treated with a radical scavenger GSH. Moreover, when a HIF-1a inhibitor was administered, change in metabolic signature was similarly muted. Based on the evidence presented here, we propose that an increase in HIF-1a expression in the UM-SCC-22B cells may be at least partially responsible for the observed changes in metabolic signatures.
Previously published studies have shown that radiationinduced free radical formation caused abnormal interactions with cellular-signaling pathways (42) (43) (44) . Note that radiation induced a short-lived but spatially-global spike in charges and free radicals to the tumor or cellular microenvironment. One of these interactions takes place with the protein hypoxia inducible factor 1 (HIF-1) (40) . HIF-1 is a heterodimer consisting of HIF-1a and HIF-1b subunits; the HIF-1b subunit is independent of oxygen concentration. Under normoxia, the HIF-1a subunit is hydroxylated and subsequently degraded by the von HippelLindau tumor suppressor protein (45) . Consequently, the HIF-1 heterodimer does not form due to an insufficient concentration of HIF-1a.
Chandel et al. (40) observed that ROS and free radicals can stabilize HIF-1a, allowing the HIF-1 complex to form. Under these conditions, HIF-1 subsequently regulates a multitude of processes downstream. These processes include stimulation of angiogenesis and erythropoietin production, as well as the regulation of glucose transport enzymes (40, 43, (46) (47) (48) (49) (50) (51) . The nature of HIF-1a gives it a Note. The only change that is statistically significant is for the 10 Gy þ chrysin NOK cell group from its chrysin control (P . 0.05).
RADIOTHERAPY PROMPTLY ALTERS CANCER METABOLISM key role in sensing cellular oxygen levels (40, 52) . The free radicals produced by radiation can affect the cells in a multitude of ways, including confounding cellular oxygen sensing and changing oxygen consumption rates. Since HIF-1 regulates glycolytic enzymes and glucose transport enzymes, it is reasonable to suggest that an increase in HIF-1a and thus HIF-1 might result in metabolic switching. Indeed, the cells with stronger HIF-1 response to radiation (UM-SCC-22B) showed a larger decrease in oxygen consumption compared to NOK cells. This suggests that there may be an increase in aerobic glycolysis after irradiation for UM-SCC-22B cells that is not present in the NOK cells, resulting from upregulated HIF-1 complex-driven signaling pathways. While the mechanism for this is outside the scope of this study, we show a clear correlation between metabolic switching and HIF-1a signaling. This correlation is particularly significant because tumors with upregulated HIF-1a have been associated with more aggressive phenotypes; these tumors are sometimes more metastatic (50, (53) (54) (55) and at times more radioresistant (48) .
As shown in Fig. 6 , the UM-SCC-22B cell line is relatively radioresistant compared to the NOK cell line in vitro (56, 57) . Interestingly, the more radioresistant cells were found to have changes in metabolic signature, as measured by FLIM, and were also found to have a great increase in HIF-1a expression after irradiation. It is possible that this increase in HIF-1a expression is a driving factor in the contrast in radiosensitivity between these two cell lines.
The correlation between HIF-1a expression and these FLIM-measured metabolic signatures showed the potential of FLIM as a tool for assessing the overall radiosensitivity and/or aggression of a tumor. Moreover, these measurements show metabolic fluctuations that occur 30 min after irradiation. These metabolic fluctuations may be indicative of modulations in radiosensitivity during treatment or may potentially serve as predictors of radiosensitivity for subsequent treatments. These types of measurements could be influential, particularly for hypofractionated radiotherapy regimens that are more sensitive to intrafraction dynamics (58) . Future studies are needed to further elucidate the mechanistic underpinning of these changes in metabolism, such as incorporating flavin adenine dinucleotide (FAD) fluorescence intensity imaging coupled with NADH intensity to measure potential fluxes in cellular redox ratio. Also, while in vitro models provide a tractable system in which it is possible to establish these changes, future studies should use in vivo animal models to ensure the same trends are observed, since other factors may influence metabolism during and after irradiation. Studies of this nature could lead to a deeper understanding of the prompt biological effects of radiation on the tissue microenvironment, and could be valuable in improving therapeutic regimens.
With the reported data and future studies to examine radiation-induced changes in metabolism from a mechanistic and in vivo perspective, there is a great opportunity to consider future clinical ramifications. Recently, there have been efforts to consider the role of dose both spatially and temporally and in the context of the cellular response (51, 59) . This study complements previously reported studies (60) (61) (62) by asserting that clinical radiotherapy could be guided and improved by monitoring key cellular processes such as metabolism. Since metabolism plays an important role in cancer invasion and progression (63) (64) (65) , metabolic profiling may have potential for guiding radiation treatments in the future.
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